Spermatogenesis is a complicated process that originates from spermatogonial stem cells (SSCs), which have self-renewal activity. Because SSCs are the only stem cells in the body that transmit genetic information to the next generation, they are an attractive target for germline modification. Although several virus vectors have been successfully used to transduce SSCs, cell toxicity or insertional mutagenesis of the transgene has limited their usage. Adeno-associated virus (AAV) is unique among virus vectors because of its target specificity and low toxicity in somatic cells, and clinical trials have shown that it has promise for gene therapy. However, there are conflicting reports on the possibility of germline integration of AAV into the genome of male germ cells, including SSCs. Here, we examined the usefulness of AAV vectors for exploring germline gene modification in SSCs. AAV1 infected cultured SSCs without apparent toxicity. Moreover, SSCs that were infected in fresh testis cells generated normal appearing spermatogenic colonies after spermatogonial transplantation. A microinsemination experiment produced offspring that underwent excision of the floxed target gene by AAV1-mediated Cre expression. Analysis of the offspring DNA showed no evidence of AAV integration, suggesting a low risk of germline integration by AAV infection. Although more extensive experiments are required to assess the risk of germline integration, our results show that AAV1 is useful for genetic manipulation of SSCs, and gene transduction by AAV will provide a useful approach to overcome potential problems associated with previous virus vector-mediated gene transduction.
Introduction
Spermatogonial stem cells (SSCs) are the only stem cell type in the body with germline potential [1, 2] . Although these cells make up a small population in the testis (0.02%-0.03% of total germ cells), SSCs have the unique ability to undergo self-renewal divisions and reproduce themselves as well as generate differentiated progenitors, which eventually become spermatozoa. This is in contrast to committed progenitor cells, which have a limited lifespan. Because SSC self-renewal continues throughout the lifespan of male animals, genetic modification of SSCs results in permanent changes in male germline cells and offspring. Thus, SSCs represent an attractive target for germline modification.
Several attempts to transduce SSCs have been reported. Development of the spermatogonial transplantation technique provided the first opportunity to genetically manipulate SSCs [3] . Initially, retrovirus and/or lentivirus vectors were transduced into SSCs by in vitro transfection and subsequent transplantation into the seminiferous tubules of infertile animals [4, 5] . Although it was difficult to produce offspring from transplanted SSCs, it became possible to produce transgenic offspring by using immature recipient animals [6] . In addition to random transgene integration by virus-mediated approaches, genetic selection using germline stem (GS) cells, cultured spermatogonia enriched for SSCs, eventually enabled modification of specific target genes by homologous recombination [7, 8] . In contrast, adenovirus vectors are distinct from retrovirus and/or lentivirus vectors because they do not integrate into the genome of SSCs. Successful infection of SSCs with adenovirus vectors has been reported, and offspring are born free of adenovirus vector integration [9] .
While these studies have established the basis of genetic manipulation of SSCs, several problems still need to be resolved. One of them is the toxicity of the virus. Previous studies have suggested that germ cells are susceptible to damage due to virus infection. We reported that GS cells infected with adenovirus retain their fertility but they do not proliferate actively [9] . Another problem is insertional mutagenesis, which has been one of the potential problems with retrovirus and/or lentivirus vectors [10] . In addition, selectivity of the target cell type is problematic. This is particularly important in in vivo experiments, in which virus particles are microinjected into the seminiferous tubules. Selective transduction of specific targets will allow more accurate analysis of the impact of gene transduction. It will also be important in clinical gene therapy in humans, because inadvertent transduction of germ cells can result in germline modification. In previous studies that used adenovirus or lentivirus, none of the offspring exhibited virus integration in the genome following direct in vivo virus injection into seminiferous tubules of mature animals [11, 12] . However, retrovirus and/or lentivirus vectors are likely to transduce SSCs because in situ infection of SSCs with retrovirus vector in immature animals results in the production of transgenic offspring production [13] . Although virus vectors enable efficient transduction of SSCs, these problems limit their utility.
Adeno-associated virus (AAV) vectors have several unique advantages that may overcome the above-mentioned problems. First, AAV has low toxicity [14] . While adenovirus causes inflammation, AAV is nonpathogenic. It has established the highest biosafety rating among the viral vectors [15] . Second, it has high selectivity regarding the target cell infection. To date, 12 primate serotypes have been described (AAV1-12), and more than 110 distinct AAV capsid sequences have been isolated [16] . The tropism of AAV differs among cell types and tissues. Third, it can be concentrated efficiently and achieve long-term gene expression [17, 18] . Finally, it rarely integrates into the genome of infected cells, although vector integration as either single-copy proviruses or concatamers can occur at low frequency (∼0.1%) [16] . Due to these characteristics, AAV shows promise for gene therapy; indeed, several clinical trials of AAV to treat human diseases, including retinopathy and hemophilia, are underway [19] .
Several conflicting results have been reported regarding the risk of germline transmission of AAV in male germ cells [20] [21] [22] [23] [24] [25] [26] . In one study, intravenous injection of AAV2 resulted in potential infection of Sertoli cells and spermatogonia-like cells [20] . Moreover, vector dissemination has been found in the semen of rabbits and humans [24] . However, this occurred transiently and no germline integration was reported. Nevertheless, germline transmission has been demonstrated in two studies, in which AAV2 was transduced and integrated into the genome of SSCs in mice, goats, and pigs [25, 26] . Because these results suggest the potential for infection of male germ cells by AAV, we reasoned that AAV of other serotypes might transduce SSCs efficiently without stable integration into the genome. Based on this assumption, we determined the appropriate AAV serotype for transduction in SSCs using GS cells. We also examined the integration of AAVs in offspring derived after transfection of SSCs using an AAV vector.
Materials and methods

Animals and cell culture
For gene expression in GS cells, we used GS cells established from 4-to 6-day-old ICR mice [27] . These cells were cultured for 4 months before transfection experiments. For colony counting experiments, we prepared donor cells from 7-to 10-day-old transgenic Gt(ROSA)26Sor tm1(EYFP)Cos mice (designated R26R-Eyfp; a gift from Dr. F. Costantini, Columbia University Medical Center, NY, USA). R26R-Eyfp mice were maintained in a mixed background of DBA/2 and C57BL/6 (B6) mice, and GS cells were derived from 5-to 7-day-old pups, as described previously [7] . Cells were cultured for 3 months and maintained on mouse embryonic fibroblasts (MEFs) that had been treated with mitomycin C (Sigma, St. Louis, MO, USA). We also used Tg (AMH-cre)1Flor mice (a gift from Dr. F. Guillou, UMR Physiologie de la Reproduction et des Comportements, Nouzilly, France). For spermatogonial transplantation, we used B6 × DBA/2 F1 (BDF1) mice that had been treated with busulfan (44 mg/kg, Sigma) at 4 weeks of age. All busulfan-treated recipient mice were used at 4 to 8 weeks after busulfan treatment.
Virus infection
AAV was produced by transient transfection of an AAV vector plasmid (pAAV-CAG-mCherry or pAAV-CAG-Cre), an adenovirus helper plasmid (pHelper; Agilent Technologies, Santa Clara, CA, USA), and an AAV helper plasmid (pAAV1, pAAV-RC [Agilent Technologies], pXR5, pAAV7, pAAV8, or pAAV9) into AAV-293 cells (Agilent Technologies) using polyethyleneimine MAX (Polysciences, Warrington, PA, USA), as described previously [28] . Virus collection was carried out, as described elsewhere [29] . Briefly, the cells were collected 72 h after transfection, and then destroyed by four freeze-thaw cycles to retrieve viral particles. The culture supernatant was harvested by centrifugation, and treated with Benzonase nuclease (Merck Millipore, Billerica, MA, USA) to destroy cellular DNA/RNA and plasmid DNAs. Virus particles were purified by iodixanol (OptiPrep, Axis-Shield, Dundee, UK) step gradient ultracentrifugation. The 40% iodixanol step was collected, dialyzed to exchange the buffer with phosphate-buffered saline (PBS), and concentrated using an ultrafiltration device (Amicon Ultra-15, 100K MWCO, Merck Millipore, Billerica, MA). The titer of the virus was determined by real-time polymerase chain reaction (PCR) using FastStart Universal SYBR Green Master Mix (Roche, Penzberg, Germany). The primers used for AAV titrations were previously described [29] . AxCANCre (RIKEN BRC, Tsukuba, Japan) was prepared using CsCl centrifugation, and the virus titer was determined as described elsewhere [9] . For infection of GS cells, logarithmic growth was confirmed by counting the cell numbers for several passages prior to transfection.
For in vitro infection of pup testis cells, 5-to 10-day-old R26R-Eyfp mice were used. After dissociation into single cells by a two-step enzymatic digestion procedure using collagenase type IV (Sigma) and trypsin (Nacalai Tesque, Kyoto, Japan) [30] , 1.7 to 2.4 × 10 6 testis cells were placed on gelatin-coated plates in GS cell culture medium, to which virus particles were added. For AAV infection experiments, the multiplicity of infection (moi) was adjusted to 1 × 10 3 for serotype screening. The moi for all other experiments was 1 × 10 4 . For adenovirus infection, the moi was adjusted to 2.0 unless otherwise stated. After overnight infection, virus-containing medium was removed and cells were cultured in fresh medium.
Microinjection into the seminiferous tubules
For cell transplantation, ∼10 μl of single cell suspension was injected through the efferent duct into busulfan-treated mice, as described previously [30] . Each injection filled 75%-85% of all seminiferous tubules. The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Analysis of recipient testes
Recipients were sacrificed 2 months after transplantation, and donor cell colonies were examined under UV light. Donor cell clusters were defined as colonies when the entire basal surface of the tubule was occupied and were at least 0.1 mm in length [31] . For immunohistochemistry, testis samples were fixed in 4% paraformaldehyde for 2 h. Then they were embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) for cryosectioning. Immunostaining of cryosections was carried out by treating the samples with 0.1% Triton-X in PBS. After immersing them in blocking buffer (0.1% Tween 20, 3% bovine serum albumin and 10% goat serum in PBS) for >1 h, samples were incubated with rhodamine-conjugated peanut agglutinin (PNA; Vector Laboratories, Burlingame, CA) or anti-GFP antibody (MBL, Nagoya, Japan) at 4
• C overnight.
To evaluate donor cell colonization by histological analysis, sections were viewed at ×400 magnification to confirm the staining patterns in the testis, and images of the sections under an inverted microscope equipped with a CCD camera (DP70, Olympus, Tokyo) were collected using the Photoshop software (Adobe, San Jose, CA). All sections were stained with Hoechst 33342.
Flow cytometry
Germline stem cells were dissociated by trypsin. Infection efficiency was determined by gating all GS cells in spermatogonia gate using forward and side scatter values [32] . The whole GS cell population was regarded as a mother cell population, and cells expressing the transgene were quantified using histogram by comparing with unstained cells. When cells were passaged during culture, GS cell gate was set up again to confirm the whole cell population. For evaluation of transfection efficiency of pup testis cells, cells were stained with allophycocyanin (APC)-conjugated rat anti-EPCAM antibody (clone 8.8, BioLegend, San Diego, CA). Apoptosis detection was carried out using an Annexin V apoptosis detection kit APC (eBioscience, San Diego). Dissociated cells (1 × 10 5 cells) were suspended in ice-cold PBS/1% fetal bovine serum for analysis using FACSCalibur (BD Biosciences, Franklin Lakes, CA). A total of 10,000 events were collected for analysis. Where indicated, propidium iodide (PI) was added to detect dead cells.
Reverse-transcription-polymerase chain reaction analysis
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was produced using Superscript 
DNA analysis
Genomic DNA was isolated from the tail or epididymis of offspring by phenol/chloroform extraction, followed by ethanol precipitation. Deletion of the floxed allele was estimated by PCR using the 5 -GGAGTGTTGCAATACCTTTCTGGG-3 and 5 -AGCTCCTCGCCCTTGCTCACCCAT-3 primers. We also used the primers 5 -GACGATGCAACGAGTGATGA-3 and 5 -AGCATTGCTGTCACTTGGTC-3 to detect virus integration by PCR.
For detection of virus DNA by Southern blotting, 20 μg of DNA was digested with EcoR I and Bgl II, and separated in a 1.0% agarose gel. DNA was transferred and blotted onto a nylon membrane (Hybond-N+; Amersham Biosciences, Buckinghamshire, UK). Hybridization was performed according to a conventional protocol. Full-length Cre was excised from pAAV-CAG-Cre by EcoR I and Bgl II digestion and used as a probe for hybridization. The membrane was hybridized for 16 h at 65
• C with a 32 P-labeled probe.
Microinsemination
Recipient testes were refrigerated overnight and were used for microinsemination, as described previously [33, 34] . The seminiferous tubules of recipient testes were dissected under UV illumination, and testis tubule fragments containing enhanced yellow fluorescent protein (EYFP)-expressing donor cells were dissociated mechanically to collect the germ cells. Microinsemination was performed by intracytoplasmic injection into BDF1 oocytes [34] . After in vitro culture, two-cell stage embryos were transferred into the oviducts of day 1 ICR female mice (CLEA Japan, Inc., Tokyo). Offspring were born by cesarean section on day 19.5. 
Statistical analyses
Significant differences between means for single comparisons were determined by Student's t-tests. Multiple comparison analyses were carried out using ANOVA followed by Tukey's honestly significant difference test.
Results
Screening of adeno-associated virus serotype using germline stem cells
The infection efficiency of various AAV serotypes was first examined using GS cells; i.e., cultured spermatogonia with enriched SSC activity [7] . Logarithmically growing GS cells were inoculated with AAV1, AAV2, AAV5, AAV7, AAV8, and AAV9, which were produced by transient transfection. Three days after infection, transfected cells were analyzed under UV illumination. Of the tested serotypes, GS cells infected with AAV1 showed the strongest fluorescence signal ( Figure 1A ). AAV8 also infected GS cells, but at a weaker intensity than AAV1. The other serotypes did not exhibit fluorescence even after prolonged culture. However, all vectors expressed mCherry in MEFs under the control of CAG promoter (Supplemental Figure S1A ). Flow cytometric analysis showed that ∼8% of GS cells exhibited mCherry fluorescence at 3 days after infection ( Figure 1B ). Only AAV1-mCherry showed a significant difference from the control. Using the AAV1 vector, the time course of exogenous gene expression was examined. We tried to increase the infection efficiency by using a higher moi. The proportion of cells expressing mCherry was greatest 5 days after transfection ( Figure 1C, Supplemental Figure S1B) . Signal intensity also peaked at this time point. The AAV1-transfected GS cells did not affect GS cell colony morphology and proliferation, and cells were passaged 8 days after transfection. However, the signal gradually weakened after subsequent passages, and was undetectable after 2 weeks ( Figure 1C ). This result is consistent with a previous observation that AAV vectors rarely integrate stably into the genome of transfected cells [17] . The AAV1-infected GS cells continued to proliferate comparably with noninfected control GS cells ( Figure 1D ). We did not find apparent changes in SSC and differentiation marker expression by reverse-transcription PCR (RT-PCR) ( Figure 1E ).
Comparison of AAV1 and adenovirus vectors
Although GS cells could be successfully infected by mCherryexpressing AAV1, the proportion of cells infected with the vector was relatively low compared with our previous results using an adenovirus vector [9] . In the previous study using adenovirus, ∼80% of GS cells showed transgene expression within 3 days. This difference could be due to the type of vector, promoter, or marker used. To compare the efficiency of AAV1 and adenovirus more directly, we derived GS cells from R26R-Eyfp mice and evaluated the infection efficiency by targeting floxed sequences using Cre-expressing AAV1 (AAV1Cre) and adenovirus (AxCANCre) (Figure 2A ). In both vectors, expression of the transgene is driven by the CAG promoter. After overnight infection with each of these vectors, virus supernatant was removed on the next day to minimize the potential toxicity. AAV1Cre-or AxCANCre-infected cells showed apparent EYFP signals under UV illumination ( Figure 2B ). However, time course analysis of infected cells revealed that AxCANCre induced EYFP more rapidly than did AAV1Cre. The degree of EYFP expression was significantly greater with AxCANCre at 2 and 4 days (Figure 2C) . However, both types of cells showed comparable levels of EYFP expression by 7 days after infection ( Figure 2D ). Although AxCANCre appeared to be more useful, cell recovery after gene transfection was significantly reduced after AxCANCre treatment in a dose-dependent manner ( Figure 2E ). This result was consistent with our previous study using enhanced green flurescent protein (EGFP)-expressing adenovirus, which suggested that Cre is not responsible for this phenomenon [9] . Importantly, we did not find a significant difference in cell recovery between noninfected GS cells and AAV1Cre-infected GS cells. When the cell recovery was compared using the same moi, the recovery of cells by AxCANCre was ∼47% of that by AAV1Cre ( Figure 2F ). The lower cell recovery after AxCANCre treatment was likely due to apoptosis because significant increase in the number of ANXA5-expressing apoptotic cells occurred after AxCANCre infection ( Figure 2G ). Using ANXA5 and PI staining, we confirmed that significantly more cells survived after AAV1Cre infection when the same moi was used ( Figure 2H ).
Functional analysis of spermatogonial stem cell transduction efficiency
Because of the low frequency of SSCs in GS cell culture (1%-2%) [35] , we confirmed the effects of SSC transduction by spermatogonial transplantation ( Figure 3A) . The efficiency of infection of AxCANCre and AAV1Cre was compared. R26R-Eyfp GS cells were incubated with AxCANCre or AAV1Cre overnight, and then recovered using trypsin. There were no significant differences in cell recovery at the time of transplantation ( Figure 3B ). The infected cells were transplanted into the seminiferous tubules of busulfan-treated recipient mice. When the recipient mice were sacrificed 2 months after transfection, their testes were analyzed under the UV illumination ( Figure 3C ). The number of colonies generated by AAV1Cre-and AxCANCre-infected cells was 490.9 ± 107.4 and 470 ± 86.4 per 10 5 cells, respectively; the difference was not significant ( Figure 3D ).
Next, immature R26R-Eyfp pups were subjected to harvesting of their testis cells, which are enriched for SSCs due to a lack of mature germ cells. The same number of cells was infected in vitro with AxCANCre or AAV1Cre. No significant difference in cell recovery was noted after AxCANCre and AAV1Cre infection ( Figure 3E) . We compared the transfection efficiency in spermatogonia expressing EPCAM, which is a marker of SSCs. Flow cytometry at 3 days postinfection shows that R26R-Eyfp pup testis cells transfected with AAV1Cre exhibit significantly smaller number of EYFP-expressing cells than those infected by AxCANCre ( Figure 3F and G) .
To examine the impact of infection, we carried out spermatogonial transplantation on the next day after in vitro infection. Analysis of recipient revealed that AxCANCre-infected testis cells produced larger numbers of germ cell colonies than AAV1Cre-infected testis cells ( Figure 3H ). The number of colonies generated by AAV1Cre and AxCANCre-infected testis cells was 8.2 ± 2.0 and 21.1 ± 3.5 per 10 5 transplanted cells, respectively (n = 8 for AAV1Cre and n = 9 for AxCANCre) ( Figure 3I) ; the difference was statistically significant. However, AAV1Cre transfection did not result in apparent damage, as evidenced by the normal morphology of the colonies. In addition, immunohistochemistry of the recipient testes confirmed a normal appearance and arrangement of postmeiotic cells in these testes. These results suggest that AxCANCre is superior to AAV1Cre in removing target gene floxed by the LoxP site in freshly isolated SSCs from pup testes.
Lack of gene integration of AAV1Cre
The integration of AAV1Cre in the germline was examined because previous studies have reported germline transmission of AAV2 [25, 26] . In this experiment, we used an in vitro microinsemination technique to produce offspring using spermatozoa generated in the recipient testes after spermatogonial transplantation of AAV1Cre-infected pup testis cells ( Figure 4A ). Testes were collected from two mice 105 days after transplantation. These testes were refrigerated overnight, and were used for microinsemination on the day after sample collection.
Seminiferous tubules showing green fluorescence were dissociated by mechanical pipetting, and sperm and elongated spermatids were collected for microinsemination ( Figure 4B) . A total of 96 embryos were produced and 95 two-cell embryos were transferred into the uteri of pseudopregnant mothers. Of these, 71 embryos were implanted and 55 offspring were born ( Figure 4C) . A total of 32 mice, 18 males and 14 females, grew up to be normal adults, which proved to be fertile.
Although skin did not show EYFP fluorescence, EYFP expression was confirmed in several organs, including the brain, testis, kidney, and liver ( Figure 4D ). PCR analysis of tail DNA showed that all of the offspring were born from SSCs that underwent Cre-mediated target gene deletion ( Figure 4E ). Using the same DNA, we also examined whether the offspring contained virus DNA. Both PCR and Southern blotting analyses showed no signals suggestive of evidence of virus integration in all 32 mice ( Figure 4F and G). PCR analysis of epididymides of recipient mice also failed to show AAV1Cre DNA, while those from a Tg (AMH-cre)1Flor mouse showed a clear band of Cre DNA ( Figure 4H ).
Discussion
This study examined the potential of AAV vectors to transduce SSCs. Because SSCs make up a small population in the testis, their genetic manipulation has met with limited success. The GS cell culture technique facilitates the preparation of a large number of SSCs in vitro, and of desirable clones by means of drug selection, allowing accurate genome manipulation [8] . However, even with GS cells, the transduction efficiency of nonviral methods is limited, and it takes significant amount of time for obtaining transfected clones. In contrast, viral vectors are useful because they can rapidly transduce a large number of cells simultaneously. In particular, both adenovirus and lentivirus can be concentrated to high levels and used successfully to transduce SSCs [5, 9] . However, these vectors have problems in terms of toxicity, insertional mutagenesis, and target specificity. In particular, difficulties associated with adenovirus in virus vector construction and their toxic effects limited the use of this virus for in vitro analysis of SSCs. In this context, previous studies suggested that AAV vectors are more useful because of their nonpathogenicity, high transduction efficiency, and target cell selectivity in somatic cells.
As expected from the unique nature of AAV vectors, AAV infection was transient and mCherry fluorescence was absent at 2 weeks after transfection. This transient expression pattern was similar to that of adenovirus in our previous report [9] . However, the critical difference between AAV and adenovirus was cell recovery. Although adenovirus did not have significant effects on the growth and morphology of GS cells at low virus concentrations, exposure to high concentrations of adenovirus had a negative effect on GS cell proliferation. Only 13% of transfected cells were recovered after 6 days in our previous study [9] . A similar problem using AxCANCre was found in the current study. Suppression of growth was likely due to apoptosis, because ANXA5 staining showed a dose-dependent increase in apoptotic cells after AxCANCre infection. In addition, adenovirus components might have interacted with proteins of the cell cycle machinery [36] . From this viewpoint, the low toxicity is an attractive advantage of AAV for gene function studies in SSCs. Initial experiments using GS cells showed that AAV1 efficiently transduces SSCs among the AAV vectors examined. AAV8 also infected GS cells albeit at lower levels. AAV8 was previously reported to transduce the liver, eye, and brain, while AAV1 is frequently used to infect skeletal muscle, heart, and brain [16] . In contrast, AAV2 showed no evidence of SSC infection. This was unexpected because AAV2-infected SSCs were shown to undergo germline transmission in mice, and goat spermatozoa contained a transgene delivered by AAV2 in a previous report [25] . Another report also showed transgenic pig embryo production using a similar strategy [26] . Successful transduction of SSCs occurred despite the common knowledge that AAV very rarely integrates into the genome (0.1% of the vector genome) [16] . AAV2 is the most prevalent strain and best characterized serotype. Although the reason for this discrepancy is unclear, there are at least two possibilities that might explain the difference. First is the type of promoter. Although a CAG promoter was used in this study, several promoters including cytomegalovirus, Pgk2 and Acr3 promoters have been used in previous works [25, 26] . These promoters may drive greater transgene expression. Second is the difference in genetic background of mice. While we used SSCs in B6 (fresh testis cells), ICR, and mixtures of B6 and DBA/2 (GS cells) backgrounds, F1 male hybrids between B6 and C3H mice were used in the previous studies. Further research is required to confirm the potential of AAV2 in transducing SSCs in nonrodent species.
We also noted that transgene expression using AAV was relatively slow. While GS cells transfected with AxCANCre showed EYFP expression within a few days, the fluorescence signal from AAV1Cre-transfected cells was significantly weaker during the first few days. This occurred despite use of the same promoter (CAG promoter). The slow expression is likely due to the nature of DNA replication in AAV. It was reported that adenovirus increases the infection efficiency of AAV [37] . This increase in transduction efficiency was not improved by adenovirus-mediated viral uptake, but was instead dependent on adenovirus gene expression. Further experiments revealed that a part of adenovirus DNA facilitates synthesis of a second strand on the single-stranded genomic AAV DNA [37] . Although the AAV genome is relatively smaller than that of adenovirus, it is unsurprising that extra steps in viral DNA replication resulted in additional time being required for gene expression.
Because of the lower toxicity of AAV1Cre infection, we expected that testis cells transfected with AAV1Cre would exhibit greater production of germ cell colonies after transplantation. To examine the effect of AAV1Cre in fresh SSCs, we used immature testes. Because SSCs are enriched in pup testes, we regularly use them for removing target genes by AxCANCre. We did not use adult testes because the frequency of SSCs is very low and efficient infection requires significantly larger amounts of virus particles. Contrary to our expectation, transfection of AxCANCre produced more colonies than that of AAV1Cre, which suggested that AxCANCre is more suitable for the analysis of gene functions in analyzing conditional KO mice. This result contrasted with in vitro transfection of GS cells, which did not show a difference between the two vectors.
The discrepancy between the two experiments (i.e., GS cells vs. pup testis cells) may be explained by the difference in cell type. GS cells and freshly isolated spermatogonia do not necessarily express the same genes and exhibit different phenotypes [38] . Therefore, it is possible that SSCs in pup testis cells expressed receptors for AAV1 at lower levels than GS cells, although the effect of different incubation time for trypsin digestion, which may destroy AAV receptors, cannot be excluded. Alternatively, the discrepancy might be attributed to the heterogeneity of germ cells in pup testis cells. For example, there is substantial heterogeneity in spermatogonia expressing ID4, a marker of A single (A s ) spermatogonia, which are enriched in SSCs [39] . Moreover, some SSCs in pup testes express KIT, which is not expressed in adult SSCs [40] . We speculate that AAV1 infects only a specific subpopulation of SSCs, which increases in number in immature testes [41] . Because heterogeneity of A s spermatogonia has also been suggested [42, 43] , it is possible that AAV1Cre may not work in a similar manner for SSCs in adults. Other factors, such as the possible influence of testis somatic cells, may be involved, but further experiments are necessary to explain the different outcomes between the two experiments.
Although the current study showed that AAV has limited utility for fresh SSC transfection, several strategies can improve on this. Unlike other viruses, AAV can be packaged with a variety of capsid molecules, which are under development for various purposes [44] . In addition, enzymatic changes in receptor can also improve transduction efficiency. For example, AAV9 binding is increased when terminal sialic acid was enzymatically removed [45] . Similar results are also reported for other serotypes [46] . Therefore, transfection with similar enzymes will likely improve the infection efficiency using SSCs. However, the usefulness of AAV vectors in other species should also be evaluated. Lentivirus vectors have been used to transduce SSCs in rats [47, 48] , but there are few examples of the use of virus vectors for testicular infection in nonrodent species [49] . Indeed, a difference in the infection pattern of the brain between mice and primates has been reported [50] . While AAV9 infected approximately twice as many neurons as astrocytes across the entire extent of the adult rodent central nervous system, similar experiments in nonhuman primates showed a reduction in peripheral organ and brain transduction compared with mice, and a clear shift toward glial transduction was observed. Therefore, caution is necessary to extend our results to other animal species, including humans. Further studies are warranted to address these points.
Importantly, our results contrasted with previous studies that showed efficient genome integration of AAV2. AAV2 integrates into the genomes of not only mouse but also goat and pig SSCs, and several previous studies have suggested the integration of AAV in human testes [25, 26, 51, 52] . We therefore tested whether AAV1Cre-transfected testis cells also produce transgenic mice. In vitro microinsemination experiments produced healthy offspring without apparent abnormalities. Both Southern blot and PCR analyses failed to reveal viral integration in the tail DNA of the all 32 offspring. These results are similar to our previous study using adenovirus vector, but contrast with those obtained using retrovirus or lentivirus, which resulted in the presence of transgenes in many of the offspring [9] . In these experiments, ∼50% of offspring contained virus transgenes after in vitro transfection and transplantation of fresh testis cells [48] . However, because we used only one batch of virus, we cannot completely exclude the low integration frequency of AAV1 into the germline cells. Given the previous claims on transgenesis using AAV, this concern should be addressed more extensively using different kinds of AAV vectors. Nevertheless, our results suggest that AAV1 target SSCs with a significantly lower frequency of transgene integration compared with retrovirus or lentivirus vectors.
In summary, our findings demonstrate the potential utility of AAV in SSCs. AAV1 was successfully used to transduce GS cells, and infection of SSCs by AAV1 was confirmed by transplantation assay. Offspring produced after AAV1 infection grew up to be normal fertile adults. Compared with other vectors, AAV vectors have several disadvantages, such as slow onset of expression and a limited DNA capacity (∼4.7 kb). Moreover, the efficiency of SSC transduction in fresh testis cells was limited compared with adenovirus-mediated gene delivery. However, this technology will complement vectors used previously for studying the biology of SSCs. In particular, their lack of toxicity and low frequency of genome integration will facilitate reliable investigation of the effects of transgenes or knockouts in GS cells. Their highest biosafety rating among the viral vectors is practically attractive. AAV also allows sophisticated genetic manipulation, including homologous recombination or gene editing [53] . In this sense, it will also be useful to use AAV to overcome the inefficiency of genetic manipulation of GS cells. In humans, it is possible to use AAVS1 locus to allow stable, long-term transgene expression in many cell types [54] . Thus, optimization of AAV vectors will result in them becoming valuable tools for analyzing and manipulating SSCs in future research.
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